Abstract Aims/hypothesis: Adiponectin is an adipokine with insulin-sensitising and anti-atherogenic properties. We studied the role played by total adiponectin and by the bioactive high-molecular-weight (HMW) oligomeric complexes of adiponectin in vascular function in offspring whose parents both had type 2 diabetes, a population at high risk of diabetes and atherosclerosis. Methods: Total and %HMW adiponectin, the cytokines C-reactive protein, interleukin-6 and plasminogen activator inhibitor-1 (PAI-1), as well as lipid profiles were assayed in 19 offspring, each with two type 2 diabetic parents. Subjects underwent OGTTs and IVGTTs. Endothelium-dependent vasodilation (EDV) was assessed by brachial artery ultrasonography. Results: There was a significant relationship between %HMW and total adiponectin levels (r=0.72, p=0.001). Despite an expected strong positive correlation between HDL-cholesterol and adiponectin levels (r=0.52, p=0.04), as well as HDL-cholesterol and EDV (r=0.56, p<0.02), there was no significant relationship between either total adiponectin or % HMW adiponectin and EDV. Adiponectin was inversely associated with PAI-1 (r=0.50, p=0.05), but did not correlate with the inflammatory markers C-reactive protein or interleukin-6. Conclusions/interpretation: In offspring of diabetic parents, a population at high risk of diabetes and atherosclerotic disease, there is no relationship between total or %HMW adiponectin and endotheliumdependent vasodilation. However, low adiponectin was associated with impaired fibrinolysis as manifested by increased levels of plasminogen activator inhibitor-1.
Introduction
Type 2 diabetes mellitus is the most common metabolic disease and is increasing in prevalence worldwide such that the global burden of diabetes is estimated to double over the next 25 years [1, 2] . Cardiovascular disease is the leading cause of morbidity and mortality for patients with type 2 diabetes. Atherosclerosis is frequently present at the time diabetes is first diagnosed, suggesting that the atherosclerotic process begins prior to the onset of overt diabetes [3] . Adiponectin is a recently described abundant adipocyte-secreted protein [4, 5] which has been suggested to have both insulin-sensitising and anti-atherogenic properties.
Adiponectin has been shown to have an inverse relationship to adiposity [6, 7] and to play a significant role in insulin action [6] [7] [8] [9] [10] . Persons with type 2 diabetes have lower levels of adiponectin than controls, independent of BMI [7, 11] . Heterozygous adiponectin-deficient mice exhibit mild insulin resistance, while homozygous deficiency is associated with more significant glucose intolerance and increased likelihood of diabetes, which can be reversed following adiponectin administration [5, 10, 12] .
In addition to its role as a modulator of glucose metabolism, adiponectin also has anti-inflammatory and antiatherogenic properties. Epidemiologically, serum levels of the protein correlate negatively with cardiac risk factors, positively with HDL-cholesterol and are lower in patients with coronary artery disease than in controls [13] [14] [15] . Adiponectin accumulates in rat carotid artery walls after balloon injury, but not in healthy vessel walls [16] and has been shown to suppress both the conversion of macrophages to foam cells and the migration of smooth muscle cells [6, 17] . Adiponectin-deficient mice develop severe neointimal hyperplasia, that can be attenuated by adiponectin repletion [18] and the protein protects apo-E deficient mice from development of atherosclerosis [19] . Furthermore, it has also been suggested to upregulate endothelial nitric oxide synthase expression and potentiate its enzymatic activity, thereby stimulating endothelial cell nitric oxide production [20] .
Adiponectin structure is complex. The protein has an N-terminal secretory signal sequence, a non-helical region, multiple collagen repeats and a C-terminal globular domain. It circulates in vivo both as low-molecularweight (LMW) homo-trimers and high-molecular-weight (HMW) oligomeric complexes consisting of 12-18 subunits [21, 22] . The relative biological importance of the different components and the various aggregate forms of the protein are not fully understood. However, the HMW complex is thought to have enhanced biological activity compared with the LMW. At the clinical level, only the percentage of HMW protein exhibits an inverse correlation with coronary artery disease [23] . In vitro, formation of higher order multimers is necessary to promote AMPactivated protein kinase in hepatocytes [24] .
Additional signalling complexity occurs at the level of the protein receptor. To date, two receptors have been cloned. AdipoR1 has high affinity for the globular domain of adiponectin and lower affinity for the full-length protein; it is abundantly expressed in muscle and more moderately so in other tissues (including endothelial cells). In contrast, AdipoR2 has intermediate affinity for both globular and full-length protein and is predominately expressed in the liver [19] , with lower levels in other tissues. Different tissue distribution and functionality of the receptors may explain in part the different effects of the full-length and globular proteins and perhaps of the low-and high-molecular-weight complexes.
Given the experimental evidence supporting an antiatherogenic property of adiponectin, it has been proposed that a link between this protein and endothelial dysfunction may exist [25] [26] [27] [28] . However, the nature of this association remains poorly characterised. Thus, we sought to evaluate the relationship between total and high-molecular-weight adiponectin and measures of vascular function in offspring whose parents both had type 2 diabetes. This group is at risk of diabetes [29, 30] and may have early atherosclerotic disease manifested as abnormal endothelial function [31, 32] .
Subjects, materials and methods
The Institutional Review Boards of the Joslin Diabetes Center and Brigham and Women's Hospital approved the study. Written informed consent was obtained from all individuals prior to participation.
Nineteen subjects, each with two type 2 diabetic parents, participated. All subjects were healthy as judged by medical history, were normotensive as determined by office blood pressure and were non-smokers.
All participants were instructed to consume a standard high-carbohydrate diet (250-300 g/day) for 3 days prior to undergoing an OGTT. A 100-g glucose load was administered to maximise glucose and insulin excursion, and glucose and insulin levels were measured prior to and 30, 60, 90 and 120 min after glucose was administered. Each subject was considered non-diabetic based on the National Diabetes Data Group criteria for a 75-g load [29, 33] .
On a subsequent day, participants underwent an insulinmodified frequently sampled IVGTT [34] . In brief, after an overnight fast and the collection of baseline samples, Dextrose 0.3 g/kg was administered intravenously, followed 20 min later by the intravenous infusion of insulin 0.03 U/kg (Humulin R; Eli Lilly, Indianapolis, IN, USA). Samples were collected for insulin and glucose at 2, 3, 4, 5, 6, 8, 10, 12, 14, 19, 22, 23, 24, 25, 27, 30, 40, 50, 60, 70, 80 , 90, 100, 120, 140, 160 and 180 min following the dextrose and analysed using the Bergman's Minimal Model, a computer-based method to assess plasma insulin and glucose dynamics during an IVGTT. The minimum model for glucose disposal and insulin dynamics yields assessments of insulin secretion and sensitivity, including the insulin sensitivity index (S I ) and the glucose effectiveness index (S G ) also known as insulin-independent glucose clearance. Insulin resistance was also determined using the homeostasis model assessment (HOMA-IR) method as described [35] . Both S I SI and HOMA-IR have been demonstrated to correlate with euglycaemic clamp measures of insulin sensitivity [36] .
Vascular function studies The determination of endothelial function was performed in accordance with published guidelines [37] . Subjects were studied in a quiet, temperature controlled, dimly lit room, after resting supine for a minimum of 5 min. High-resolution B-mode ultrasonography of the brachial artery was performed using a Toshiba Powervision 8000 (Toshiba America Medical Systems, Inc., Tustin, CA, USA) ultrasound machine and 7.5 MHz linear array probe. The brachial artery was imaged longitudinally just proximal to the antecubital fossa. Transducer position was adjusted to obtain optimal images of the near and far wall of the intima. Images were simultaneously recorded on super VHS videotape. The video output and electrocardiographic signal of the ultrasound machine were connected to a computer equipped with a Data Translation frame-grabber video card, (Dataviz, Trumbull, CT, USA). The 'R' wave on the electrocardiogram served as a trigger to acquire frames at end diastole. After baseline image acquisition, a sphygmomanometric cuff placed above the antecubital fossa was inflated to suprasystolic pressure (200 mm Hg) for 5 min. Upon cuff release, reactive hyperaemia causes flow to increase through the brachial artery subserving the forearm. Flowinduced, endothelium-dependent vasodilation (EDV) of the brachial artery was determined by acquiring images at 1 min after cuff deflation. Flow-mediated vasodilation at this time point is largely endothelium-dependent and nitric oxide mediated and can be inhibited by administration of the nitric oxide synthase antagonist, N G -monomethyl-Larginine [38] . Ten minutes after cuff release, the brachial artery was imaged again to ensure a return to basal conditions. Then, to determine endothelium-independent vasodilation (EIV), subjects received 0.4 mg of nitroglycerin, sublingually. The brachial artery was imaged 3 min later. Nitroglycerine was not administered if the systolic blood pressure was below 100 mm Hg. Arterial diameter during each experimental condition was measured using edge detection software (Brachial Tools 4.2.2, Medical Imaging Applications LLC, Iowa City, IA, USA). Brachial artery blood flow velocity was determined via time-velocity integral measurement.
Assays Total plasma adiponectin levels were measured by RIA (LINCO Research). For the differential measurements of the complexes, plasma was size fractionated by velocity sedimentation analysis and adiponectin was quantitated by western blot analysis as previously described [39] . Following SDS-PAGE, proteins were transferred to BA83 nitrocellulose (Schleicher & Schuell). An affinity-purified rabbit anti-adiponectin antibody raised against a peptide comprising the N-terminal hypervariable region (EDDVT TEELAPALV, mouse; DQETTQGPGV, human) was used; these antibodies recognise a single band of 30 kD by western blot analysis and have equal affinity for all oligomeric forms of protein. Blots were decorated with an 125 I -derivatised secondary goat anti-rabbit antibody (Amersham Biosciences) and analysed with a Phosphor Imager. Fractions 4-6 (LMW hexamers) and 9-11 (HMW adiponectin) from velocity sedimentation were quantitated with Image-Quant software. The variable labelled per cent HMW adiponectin (%HMW) in this manuscript represents HMW/(HMW+LMW)×100, as quantitated by the above method [22] .
Samples for glucose, glycohaemoglobin and lipids were performed using routine laboratory assays by the Joslin Diabetes Center clinical laboratory. In brief, glucose was measured by the glucose oxidase method (Synchron CX3delta), total cholesterol and HDL using a cholesterol esterase assay and triglycerides via hydrolysis to glycerol and NEFAs (Beckman Synchron CX9) (Beckman Coulter, Brea, CA, USA). Glycohaemoglobin was assessed by HPLC (Tosho 2.2; Tosoh Bioscience, San Francisco, CA, USA).
All immunoassays were performed in duplicate by commercial assay including serum insulin (Insulin RIA; Diagnostic Systems Laboratories, Webster, TX, USA), CRP (hsCRP ELISA; Alpha Diagnostic International, San Antonio, TX, USA), interleukin-6 (Quantikine HS IL-6; R&D Systems, Minneapolis, MN, USA) and plasma PAI-1 (Imubind Plasma PAI-1 ELISA; American Diagnostica, Stamford, CT, USA).
Statistical analysis Subject characteristics are presented as means±standard deviation. The Pearson's correlation and simple regression analysis were used to evaluate the correlation between measured variables and correlation coefficient r is reported. Independent variables were assessed both as measured and after logarithm transformation for skewed distribution. Data results are considered significant with two-tailed pvalues <0.05. Statistical analyses were carried out with the StatView program (StatView, SAS Institute, Cary, NC, USA).
Results
Baseline characteristics of the subjects are summarised in Table 1 . No subject in this cohort had diabetes by either fasting glucose or by 2-h glucose concentration following the 100-g glucose load. However, nine subjects had 2-h glucose concentrations above 7.8 mmol/l (140 mg/dl) but less than 11.1 mmol/l (200 mg/dl), suggesting mild glucose intolerance and increased risk for development of diabetes. In all subjects, HbA 1 c was within the normal range (0.04-0.06). Two subjects did not have HMW adiponectin measurements due to insufficient sample and four subjects did not receive nitroglycerin for measurement of endothelial- HMW high molecular weight independent vasodilation because their systolic blood pressure was less than 100 mm Hg. The mean adiponectin level was 23.2±17.6 μg/ml and mean %HMW adiponectin was 20.9±16.7%. The relationship between total and %HMW adiponectin was significantly and positively correlated (r=0.72, p=0.001) (Fig. 1) , a finding that has not previously been reported.
As expected, adiponectin levels correlated with measurements of insulin sensitivity but not direct measures of glycaemia. HOMA-IR calculated from the fasting glucose and insulin measures exhibited an inversely proportional relationship to total (r=0.53, p=0.04) and %HMW adiponectin (r=0.71, p<0.003), as did S I measured dynamically during IVGTT (%HMW, r=0.89, p< 0.0001). Total and %HMW adiponectin were not related to the insulinindependent glucose disposal measure S G , nor to fasting glucose, 2-h glucose, or glycohaemoglobin.
We demonstrated a strong relationship between adiponectin levels and HDL-cholesterol (r=0.52, p=0.04) (Fig. 2a) . Likewise, HDL-cholesterol levels showed a strong positive relationship to EDV (r=0.56, p<0.02) (Fig. 2b) . However, despite the inter-relationships between adiponectin and HDL-cholesterol and HDL and EDV, there was no significant correlation between either total adiponectin levels and EDV (p=0.70) (Fig. 2c) or %HMW adiponectin and EDV (p=0.70) (Fig. 2d) . Similarly, there was no correlation between total or %HMW adiponectin levels and EIV (p≥0.5). b There is a strong positive relationship between HDL-cholesterol levels and EDV (r=0.56, p=0.02). c In offspring whose parents are both diabetic, there is no significant correlation between total adiponectin levels and endothelium-dependent vasodilation (p=0.7). d The HMW oligomeric isomer of adiponectin is biologically active. However, there is no significant association between %HMW adiponectin and endothelium-dependent vasodilation (p=0.76)
We calculated a total HMW index by multiplying %HMW by total adiponectin measured by RIA. Using the total HMW index or %HMW for correlations with other variables produced similar results and therefore data from these additional calculations is not reported.
As the inflammatory cytokines/adipokines CRP, IL-6 and plasminogen activator inhibitor 1 (PAI-1) have been suggested to be elevated in persons at risk of developing diabetes and cardiovascular events [40] [41] [42] , we sought to evaluate the relationship between total or %HMW adiponectin and these inflammatory markers. Adiponectin levels were associated with impaired fibrinolysis and inversely correlated with PAI-1 (after log transformation for skewed distribution) (r=0.50, p=0.05) (Fig. 3) , although we found no significant correlation with inflammatory markers CRP (p=0.83) or IL-6 (p=0.50).
Discussion
There is an epidemic of obesity and type 2 diabetes worldwide, and cardiovascular disease is the leading cause of morbidity and mortality in diabetic patients. Adiponectin, a relatively novel serum protein produced uniquely by adipocytes, has been studied in a variety of contexts in vivo and in vitro and is proposed to have anti-diabetic, antiinflammatory and anti-atherogenic properties. Thus, we evaluated the role of total and %HMW adiponectin in vascular function in offspring whose parents both had type 2 diabetes, a group at high risk of developing diabetes [29, 30] . The study cohort was highly enriched for progression to diabetes, as half of subjects had early glucose intolerance to provocative testing in addition to low insulin sensitivity and glucose effectiveness. The endothelium plays a pivotal role in the pathogenesis of atherosclerosis, and impaired endothelial function is considered an early marker for vascular disease [43] [44] [45] [46] . Offspring of diabetic parents are not only at risk for progression to diabetes, they have also previously been suggested to have diminished endothelial function [31, 32] . We restricted our analysis to a diabetesprone group as the relatively narrow range of adiponectin and endothelial function in a solely healthy population could miss an important relationship that might be better revealed during progression from normal to the early pathologic state. Thus, this cohort is well suited for assessment of changes associated with early pathophysiology linking the two conditions and it would be particularly clinically relevant to have a predictive marker of both diseases in this high-risk population.
We found a significant relationship between adiponectin levels and measures of insulin sensitivity, including HOMA-IR and the insulin sensitivity index derived from an IVGTT. Furthermore, we corroborated the strong relationship previously described between adiponectin and HDLcholesterol [13, 47, 48] . HDL-cholesterol is an important predictor of endothelial function [49] [50] [51] [52] [53] . Indeed, there was a correlation between HDL levels and EDV in our subjects. Despite these inter-relationships, however, there was no significant correlation between total or %HMW adiponectin and flow-stimulated endothelium-dependent vasodilation, a clinically accepted estimate of endothelial function.
As adiponectin is related to both insulin resistance and vascular physiology, other investigators have looked at the relationship between adiponectin and EDV as an experimental marker for clinical atherosclerotic disease. If such a correlation were established, adiponectin could potentially be used as a biomarker to identify at-risk populations for targeted therapy as well as to monitor therapeutic interventions. Studies of the association between adiponectin levels and vascular reactivity have been inconclusive in both normal and hyperglycaemic populations. A positive relationship between adiponectin and peak forearm blood flow was found in both healthy [25] and hypertensive Japanese subjects [26] . Tan et al. described a positive relationship between adiponectin and EDV both in healthy and in type 2 diabetic persons [27] . In contrast, Singhal et al. [54] reported no correlation between flow-mediated endothelial-dependent vasodilation and adiponectin in adolescents with normal BMI, and Fernandez-Real et al. found no correlation between adiponectin in EDV in persons with either normal or impaired glucose tolerance [28] . Similarly, in this study we found non-diabetic offspring of parents with type 2 diabetes, who are at increased risk for development of diabetes and atherosclerosis, exhibit no relationship between adiponectin, or HMW adiponectin and EDV.
Per cent HMW adiponectin has been postulated to be the most accurate measurement of the biologically active form of the protein. Indeed, the HMW isomer exhibits a stronger relationship to incident coronary artery disease [23] as well as to the insulin sensitising response to thiazolidinedione administration [22] . Furthermore only HMW adiponectin has been shown to suppresses apoptosis of endothelial cells [23] , and formation of higher order complexes is necessary to promote AMP-activated protein kinase in hepatocytes [24] . Given these collective findings, it seems possible that studying total adiponectin may be insufficient to detect a potential relationship to vascular function and we chose to specifically assess the role of the HMW complexes in vascular function in vivo. However, in a population at risk for diabetes and atherosclerosis, we found no significant association between %HMW adiponectin and endotheliummediated dilation. One important question raised by our findings is why the studies that explore the relationship between adiponectin and vascular function have shown inconsistent results. Although it is possible that our sample size is too small to detect a relationship between adiponectin and vascular function, it is also possible that there are ethnic, environmental, or disease-related differences in endothelial response to adiponectin among the different study populations. Some evidence exists that there are racial differences in levels of adiponectin [55] . Alternatively, hyperglycaemia, which has been demonstrated to attenuate endothelial function [56, 57] , may modulate the relationship between adiponectin and EDV, although we found no direct relationship between adiponectin and multiple measures of glycaemic burden, including fasting, 2-h glucose and glycohaemoglobin.
Additionally, it is important to consider the role of HDL in the inter-relationship between adiponectin and endothelial function. Our study demonstrates that in offspring of diabetic parents HDL-cholesterol correlates highly with adiponectin, an association previously reported in healthy [13, 14] , obese [47] and type 2 diabetic subjects [48] . The link between HDL-cholesterol and EDV that we demonstrate is well established: multiple studies show low HDLcholesterol is highly predictive of endothelial dysfunction in healthy and diabetic subjects [49] [50] [51] [52] [53] , and in experimental models where HDL-cholesterol is raised acutely, EDV normalises [58] . Thus, the role of HDL-cholesterol as a potential confounder in the relationship between adiponectin and endothelial function in vivo may not have been adequately considered in previous reports [25, 27] . In future studies, the relationship between adiponectin and EDV needs to be carefully controlled for HDL-cholesterol, which correlates highly with both adiponectin and EDV and is therefore a potential important confounding variable.
Our study also shows that the correlation between %HMW adiponectin and total adiponectin is very high. This relationship suggests synchronous regulation. As described above, experimental evidence suggests that %HMW may be the more active form of the protein. At the same time, the technical assays required to measure %HMW adiponectin are considerably more complicated and costly than those used to measure total adiponectin. In light of this and given the significant association we demonstrate between %HMW and total adiponectin, it may be adequate to follow total adiponectin when simplicity and cost must be taken into consideration.
Finally, the cytokines/adipokines CRP, IL-6 and PAI-1 are increased in persons with incident diabetes and atherosclerosis [40] [41] [42] . Furthermore, low adiponectin may be associated with enhanced activity of the fibrinolytic pathway in other populations at risk for diabetes, including prior gestational diabetes, hypertension, obesity and coronary artery disease [59] [60] [61] . Thus, we sought to determine if adiponectin is related to PAI-1, CRP and IL-6 levels in offspring whose parents both have type 2 diabetes. We indeed found an inverse association between adiponectin and PAI-1. However, there was no significant correlation with CRP and IL-6, suggesting that these at-risk adipokines are not co-regulated. Although our study does not elucidate whether the mechanism underlying the interaction between fibrinolysis and adiponectin is direct or indirect, adiponectin has vasoprotective properties whereas PAI-1 promotes vascular events [62] , so their inverse relationship implies that dysregulation of both protective and injurious molecules contributes to the development of vascular disease. Altered expression of these adipokines could underlie early atherosclerotic events in offspring of type 2 diabetic parents and contribute to the high incidence of atherosclerosis at the time of diagnosis of diabetes.
In conclusion, we studied offspring whose parents both had type 2 diabetes, a healthy cohort at very high risk for the development of diabetes and cardiovascular disease, in which a predictive biomarker for these disorders would therefore be particularly pertinent. However, we found no correlation between total or %HMW adiponectin levels and endothelium-dependent vasodilation, a clinical marker for endothelial dysfunction. Given previous findings of significant associations between these variables in cohorts with different subject characteristics, we postulate that there may be ethnic, environmental or disease-specific differences in the interaction between adiponectin and the endothelium, and further research needs to be done to elucidate the nature of such differences. The inverse relationship seen between adiponectin and PAI-1 suggests imbalance between protective and detrimental pathways in high-risk persons. Longitudinal, rather than cross-sectional studies may provide additional predictive information, as changes in levels over time, rather than absolute levels, may provide important information for disease development.
